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Abstract 

Wc report the Suzaku observation of IE 1740.7—2942, a black hole candidate called the "Great 
Annihilator" (GA). The high-quality spectrum of Suzaku provides the severest constraints on the pa- 
rameters of the GA. Two clumpy structures are found around the GA in the line images of Fe I Ka at 
6.4 keV and Sxv Ka at 2.45 keV. One clump named M 359.23-0.04 exhibits the 6.4-keV line with an 
equivalent width of '^ 1.2 keV, and is associated with a molecular cloud in the radio CS(J=l-0) map. 
Thus the 6.4-keV line from M 359.23—0.04 is likely due to X-ray fluorescence irradiated by an external 
X-ray source. The irradiating X-rays would be either the past flare of Sagittarius A* or the bright nearby 
source, the GA. The other clump named G 359.12—0.05 is associated with the radio supernova remnant can- 
didate G 359.07-0.02. We therefore propose that G 359.12-0.05 is an X-ray counterpart of G 359.07-0.02. 
G 359.12—0.05 has a thin thermal plasma spectrum with a temperature of kT ~ 0.9 keV. The plasma pa- 
rameters of G 359.12—0.05 are consistent with those of a single supernova remnant in the Galactic center 
region. 

Key words: Galaxy: center — ISM: clouds — ISM: supernova remnants — X-rays: individual (Great 
Annihilator) 



1. Introduction 

The Galactic center (GG) region has many celestial ob- 
jects such as a supermassive black hole Sagittarius A* 
(SgrA*), star- forming regions, dense molecular clouds 
(MCs). The GC region is also full of high-energy phenom- 
ena. For example, several supernova remnants (SNRs) or 
candidates have been recently found (e.g., Nobukawa et 
al. 2008; Mori et al. 2008; Sawada et al. 2009; Tsuru et 
al. 2009). The most characteristic phenomenon is the dif- 
fuse 6.7-keV lines from highly ionized irons (Koyama et al. 
1989; Yamauchi et al. 1990). The origin of this emission 
is probably due to a plasma with kT '^ 6.5 keV tem- 
perature (Koyama et al. 2007b), but is still a debatable 
issue. Another notable feature in the GC region is the 
clumpy 6.4-keV lines from neutral irons (e.g., Koyama et 
al. 1996). The origin is considered as MCs illuminated 
by X-rays or electrons. Some of the 6.4-keV clumps are 
well explained by the irradiation of the past X-ray flare 
from SgrA* (e.g., Nobukawa et al. 2008; Inui et al. 2009; 
Nakajima et al. 2009). 

IE 1740.7-2942 was discovered by the Einstein ob- 
servatory (Hertz & Grindlay 1984) in the direction of 
the GC region, and was found to be the brightest GC 
source at above 20 keV (Skinner et al. 1987; Sunyaev 
et al. 1991). The time variation of the flux and the 
spectrum of IE 1740.7—2942 are similar to those of 
CygnusX-1, the archetypal black hole candidate, and 



hence IE 1740.7—2942 has been considered to be a black 
hole candidate (Cook et al. 1991; Skinner et al. 1991). 

GRANAT detected a prominent bump on the spec- 
trum of IE 1740.7-2942 at 300-600 keV, which was inter- 
preted as an electron-positron annihilation line at 511 keV 
(Bouchet et al. 1991; Sunyaev et al. 1991; Churazov et 
al. 1993a; Cordier et al. 1993). Thus IE 1740.7-2942 is 
named the "Great Annihilator" (GA). However, no evi- 
dence for the annihilation line has been found so far by 
other satellites (Harris et al. 1994; Jung et al. 1995; Smith 
et al. 1996; Cheng et al. 1998; Bouchet et al. 2009). 

The VLA radio observations discovered a radio coun- 
terpart of the GA and non-thermal double jet-like struc- 
tures emanating from the GA (Mirabel et al. 1992), and 
hence the GA is a "micro quasar" . Like the other Galactic 
jet sources, the GA would be a binary system with a 
stellar-mass black hole. In fact, the possible orbital pe- 
riod of 12.73 days was discovered by Smith et al. (2002). 
However, no clear companion star was found with the op- 
tical, infrared or radio observations, due mainly to the 
strong interstellar absorption toward the GC region (e.g., 
Eikenberry et al. 2001). 

The X-ray spectrum of the GA below 10 keV is ex- 
plained by an absorbed power-law model (Sakano et al. 
1999; Gallo & Fender 2002). Cui et al. (2001) reported 
the extended X-ray emission which is perpendicular to the 
radio-jets (but see Gallo & Fender 2002). On the other 
hand, the INTEGRAL observations suggested that the 
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spectrum in the 10-100 keV band is explained by a model 
of either a comptonized-plasma plus a power-law or two 
comptonizcd-plasmas (Bouchet et al. 2009). 

The radio observations found a giant MC near the GA 
(Bally & Leventhal 1991; Mirabel et al. 1991). Then 
the authors proposed the Bondi-Hoyle accretion mecha- 
nism (Bondi & Hoyle 1944); the GA is in the MC, and is 
powered by the gas accretion from the MC. However the 
ASCA observations found no clear evidence for dense gas 
around the GA (Churazov et al. 1996; Sakano et al. 1999). 

In order to investigate the accretion mechanisms, 
whether the Bondi-Hoyle process, due to a binary com- 
panion or else, we performed the Suzaku observation on 
the GA, with its high-quality spectrum and low back- 
ground. The other objective of the observation is to dis- 
cover local structures, if any, on the GA and in the close 
vicinity of the GA, and investigate the physical relation to 
the GA. We assume the distance to the GC to be 8.5 kpc 
in this paper. 

2. Observations and Data Reduction 

Two pointing observations toward the GA were per- 
formed in September 2008 with the X-ray Imaging 
Spectrometer (XIS: Koyama et al. 2007a) at the focal 
plane of the X-Ray Telescope (XRT: Serlemitsos et al. 
2007) on board the Suzaku satellite (Mitsuda et al. 2007). 
The observation log is given in table 1. 

The XIS system consists of three sets of front- 
illuminated (FI) CCD cameras (XIS 0, 2 and 3) and one 
set of a back-illuminated (BI) CCD camera (XIS 1). The 
performance of the CCD cameras has been gradually de- 
graded due to the radiation damage by cosmic-ray parti- 
cles, thus the Spaced-row Charge Injection (SCI) tech- 
nique was introduced to restore the energy resolution 
since October 2006 (Uchiyama et al. 2009). Thanks to 
the SCI, XIS energy resolutions (FI/BI) at 5.9 keV were 
155/175 eV (FWHM) during the observations. However, 
XIS 2 is unusable for scientific observations because of the 
sudden anomaly in 2006, and we use the data from the 
remaining three cameras. 

The XRT consists of closely nested thin-foil reflectors 
and has large collecting efficiency (450 cm^ at 1.5 keV and 
250 cm^ at 7 keV per XRT). The point-spread function 
(PSF) of the XRT is about 2' in a half-power diameter. 
Each CCD camera has the 17f8 x 17f8 field of view. The 
band pass of the XIS-hXRT is 0.3-12 keV. 

The observations were carried out using the normal 
clocking mode with no window/burst option. The data 
were screened with the processing version 2.2.11.22^ to 
exclude the events taken during passages of the South 
Atlantic Anomaly, the Night-earth elevation angle < 5°, 
and the Day-earth elevation angle < 20°. The effective 
exposures of the screened data are listed in table 1. 
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Fig. 1. The XIS image in the 2.0-8.0 kcV band smoothed 
with a Gaussian kernel of a = 1'. The NXB is subtracted 
and the vignetting effect is corrected. The green solid line 
indicates the source region of the GA, while the white dashed 
line indicates the background region of the GA. The color 
scale is logarithmic in units of counts bin~^ (the bin size is 
12."5 X 12."5). 

3. Analysis and Results 

The analysis is made with HEASoft version 6.7^ and 
XSPEC version 12.5.1^. The non-X-ray background 
(NXB) is constructed using xisnxbgen, and is subtracted 
from the data. For the model fitting of the spectrum, 
we generate redistribution matrix files and auxiliary re- 
sponse functions using xisrmf gen and xissimarf gen, re- 
spectively. We fit the FI and BI spectra simultaneously, 
where the FI data of XIS and 3 are combined. 

3.1. Wide Band X-ray Image 

In order to see the overall structure, we show the 2.0- 
8.0 keV band image in figure 1, where all the CCDs 
data are merged and the calibration source regions are 
removed. For visibility, we sum 12 x 12 pixels (12 "5 x 
12"5) and convolve with a Gaussian kernel of ct = 1'. 
In figure 1, we find a bright source at (a, ^)j2ooo.o = 
(265.°9829, -29.°7462) of the Suzaku coordinates. Since 
this position coincides with the GA position of (a, 
^)j2ooo.o = (265.°9758, -29.°7501) (Muno et al. 2006) 
within the Suzaku nominal error of 19" (Uchiyama et al. 
2008), we identify this source as the GA. We then fine-tune 
the Suzaku coordinates by shifting A(a, S) = (— 0.°0071, 
-0.°0039). 

In figure 1, we also see local structures around the GA, 
partly due to the tail (spill-over) of the PSF of the XRT, 
but some are real X-ray structures. The major X-ray 
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Suzaku Observations of the Great Annihilator and the Surroundings 

Table 1. Observation log 



Target name 



Observation ID 



Pointing direction 
a (J2000.0) 5 (J2000.0) 



Observation date 



Exposure 
(ks) 



GC.LARGEPR0GECT4 503010010 17M4'"10" -29°33'20" 2008-09-06 53X 

GC.LARGEPR0GECT5 503011010 17M3'°47" -29°49'59" 2008-09-08 57.6 
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Fig. 2. The XIS FI spectrum extracted from the entire field 
shown in figure 1 without the 3'-radius circle centered at the 
GA and calibration source regions. The NXB is subtracted. 
The dashed line is the best-fit continuum (absorbed pow- 
er-law) and the dotted lines are those of the Gaussian lines 
(see text). 

emissions around the GA are the Galactic Center Diffuse 
X-rays (GCDX: Koyama et aL 1996). The GCDX is char- 
acterized by the strong hnes of Fel Ka, Sxv Ka, and 
FeXXV Ka at the respective energies of 6.4 keV, 2.45 keV 
and 6.7 keV. 

In order to investigate the fluxes of the prominent lines 
and their spatial variations in the observed field, we make 
the 2.0-8.0 keV band spectrum from the entire field shown 
in figure 1 except the 3'-radius circle centered at the GA 
and the calibration source regions. The spectrum is shown 
in figure 2. We fit the spectrum with a phenomenological 
model of an absorbed power-law continuum plus Gaussian 
lines. We hereafter use the cross sections from Balucinska- 
Church & McCammon (1992) with the solar abundance 
(Anders & Grevesse 1989). Then we see prominent lines 
at 6.4 keV, 2.45 keV and 6.7 keV above the best-fit con- 
tinuum (dashed line in figure 2). 

The 6.4-keV line comes from MCs and hence has clumpy 
spatial distribution (the 6.4-keV clumps, e.g., Koyama et 
al. 1996; Murakami et al. 2000; Ryu et al. 2009), while 
the 6.7-keV line comes from the kT ~ 6.5 keV plasma 
(the 6.5-keV plasma) and is reported to be more uniform. 
The 2.45-keV line is due to another hot plasma with the 
temperature of kT ~ 1 keV(thc 1-keV plasma), which is 
not as uniform as the 6.5-keV plasma but is less clumpy 
than the 6.4-keV line (Ryu et al. 2009). Thus either the 
6.4-keV line or the 1-keV plasma may contribute to the 
local structures. 



3.2. Line Images 

In order to depict the local structures, we use the 2.45- 
keV, 6.4-keV and 6.7-keV lines. To make the 2.45-keV 
line image, we subtract the continuum flux in the 2.7- 
3.0 keV (continuum-dominant band) image from the 2.35- 
2.55 keV (line-dominant band) image by normalizing the 
continuum flux ratio to that estimated from the best-fit 
continuum (absorbed power-law, see figure 2). 

As for the 6.4-keV and 6.7-keV line images, we use the 
line-dominant bands of 6.3-6.5 keV and 6.6-6.8 keV, re- 
spectively, and subtract the continuum-dominant fiux in 
the 5.0-6.0 keV band with the same method as the 2.45- 
kcV line image. The continuum-subtracted line images 
are shown in figure 3, where the 3'-radius circle centered 
at the GA is excluded to emphasize the surrounding struc- 
tures. We correct the vignetting effect and smooth with 
a Gaussian kernel of cr = 1'. 

In the 2.45-keV line image (figure 3a), we find a diffuse 
structure (16' x 24') surrounding the GA, which is larger 
than the X-ray halo (40") reported by Gallo & Fender 
(2002). From the center position, we name this structure 
G 359.12-0.05. In the 6.4-keV line image (figure 3b), we 
find a clump in the north (left-side of figure 3b) of the 
GA, and name the clump M 359.23-0.04. We note that 
no local structure in the 6.7-keV line image (figure 3c) is 
found. This supports that the 6.7-keV line (the 6.5-keV 
plasma) is uniform, at least near and around the GA. 

3.3. Light Curve and Spectrum of the Great Annihilator 

A light curve in the 2.0-8.0 keV band is made from 
the 3'-radius circle centered at the GA (figure 1). No 
significant periodicity is found in the light curve in the 
time range of 8-10000 sec. Also, no fiux-variation larger 
than 10% is found in the time scale longer than 512 sec. 

We therefore sum the data in all the observations and 
make the X-ray spectrum from the source region (the solid 
circle in figure 1). The background spectrum made from 
the dashed box in figure 1 is subtracted after correcting 
the difference of the effective area. For the correction of 
the effective area, we take into account the energy depen- 
dence of the effective area with the method given in Hyodo 
et al. (2008). We then fit the 2.5-12.0 keV band spectrum 
with an absorbed power-law model. Since a clear iron ab- 
sorption edge at 7.1 keV is found, the iron abundance for 
the photoelectric absorption is treated as a free parameter, 
although the abundances of the other elements are fixed 
to the solar values. We find an excess bump at 3.2 keV, 
which may be the calibration error of the XRT An M-II 
edge (Kubota et al. 2007) . Thus we add a Gaussian at this 
energy with the fixed line-width of 0.1 keV (1 a). Since 
the 6.4-keV line carries important information for the cir- 
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Fig. 3. The continuum-subtracted (sec text) images around the GA (the yellow cross) in the Sxv Ko line (a), Fel Ka lino (b), 
and Fexxv Ka line (c), where the 3'-radius regions (the yellow circle) centered at the GA are excluded. The vignetting effect is 
corrected, and the images are smoothed with a Gaussian kernel of cr = 1'. The green solid lines and the white dashed lines indicate 
the source and the background regions, respectively. The region of G 359.12—0.05 is a 16' X 24' ellipse excluding the circle of 
4'-radius centered at the GA and the ellipse of the other source M 359.23—0.04 (shown in (a)). The region of M 359.23—0.04 is a 5' 



X 9' ellipse (shown in (b)). The color scales arc liner in units of 10 



bin 



(the bin size is 12."5 X 12."5). 



cumstellar gas around the GA (e.g., Cliurazov et al. 1996; 
Sakano et al. 1999), we add a Gaussian line at 6.4 keV and 
fit the spectrum. Then we constrain the upper-limit of the 
equivalent width at 6.4 keV (-EFK6.4kcv) to be < 7.8 eV 
at the 90% confidence level. The best-fit spectrum and 
the best-fit parameters are shown in figure 4 and in table 
2, respectively. Note that we show only the FI spectrum 
in figure 4 for simplicity, although the FI and BI spectra 
are fitted simultaneously. 

The error due to possible flux variation in the back- 



ground spectrum would be small, because the background 
spectrum is made from the region where the 6.4-keV-line 
flux is smoothly distributed (see figure 3b). For a more 
quantitative estimate, we drive the 6.4-keV-line flux in 
every 3'-radius segment in the entire region of figure 3b, 
excluding the areas of the GA and M 359.23-0.04. Then 
we find that the flux-variation of the 6.4-keV line is within 
^ 1.1 X lO^'^ counts s^^ (90% confidence). This value is 
about 1/5 of the upper limit of the 6.4-keV-line flux from 
the GA (~ 5.8 x 10~^ counts s~^). Adding this error due 
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Fig. 4. The XIS FI background-subtracted spectrum of the 
GA in the 2.5-12 keV band with the logarithmic scales for 
both the horizontal and vertical axes. The enlarged spectrum 
in the 5.7-7.3 keV band is given in the inset, where the hor- 
izontal axis is liner and the vertical axis is logarithmic. We 
see no line-like structure at 6.4 keV (see text). 

Table 2. Best- fit parameters of the GA 



Parameter 



Vahie 



TZT- 



T 



Nh (10-- cm 

Zpe 

Photon index 
Flux'^ (photons cm^^ s^^) 
Luminosity-!- (erg s^^) 
6.4-keV hue: 

Flux (counts s~^) 

EWeA kcv (eV) 
xVd.o.f 



12.2 (11.9-12.6) 
1.35 (1.23-1.47) 
1.41 (1.38-1.44) 
1.73 X 10^2 
2.60 X 10^6 

< 5.8 X 10-3 

< 7.8 
243/170 



Notes. The errors are at the 90% confidence level. 

Iron abundance in units of solar. The abundances of the 
other elements are fixed to the solar values. 
t Observed fiux in the 2.5-12.0 keV band. 
t Absorption-corrected luminosity in the 2.5—12.0 keV 
band at the distance of 8.5 kpc. 



to the background fluctuation to the statistical error, -we 
find that the upper-limit of EWsAkeV is 8 eV. 

3.4. Spectrum of G 359. 12-0. 05 

We extract the spectrum of G 359.12—0.05 from the 
source region of the solid ellipse in figure 3a, excluding the 
circular region of 4'-radius around the GA and the ellipti- 
cal region of the other source M 359.23—0.04 (figure 3b). 
The background spectrum is made from the t-wo regions 
-with no local enhancement in the 2.45-keV, 6.4-keV and 
6.7-keV line images (the dashed areas). The background- 
subtracted spectra are sho-wn in figure 5. We find that 
the spectrum clearly extends to the hard band and that 
it sho-ws several emission lines from highly ionized atoms 
in the soft band. 

The line structures in the soft band are due to a hot 
thin plasma, -while the main origin of the hard band X- 
rays is spill-over of the GA flux due to the tail of the PSF 
of the XRT. Using the bcst-flt spectra of the GA (table 2), 



■we simulate the spill-over fiux and spectrum by the ray- 
tracing soft-ware (xissimarfgen). We then fit the spec- 
tra -with the model of an absorbed thin thermal plasma 
(VAPEC in XSPEC) plus the spfil-over component. The 
best-fit spectrum and parameters are sho-wn in figure 5 
and table 3, respectively. 

Statistically, the fit is rejected -with x^/d.o.f = 1.54 
{d.o.f = 166). In fact, -we see a hint of residual excess 
in the hard band. T-wo possibilities may be considered 
for this excess. The first is the under-subtraction of the 
GCDX plasma of kT ~ 6.5 keV, due to possible non- 
uniformity near the GA. This possibility may be negligi- 
ble, because we neither see a local enhancement in the 
6.7 keV line image (figure 3c) nor a hint of the 6.7-keV 
line in the G 359.12—0.05 spectrum. Nevertheless, we add 
a 6.5-keV plasma to the fitting-model, and find that the 
possible contamination of the GCDX is less than 15% in 
the 1-10 keV band. 

The second possibility is a calibration error of the spill- 
over component. We therefore allo-w the spill-over fiux to 
be a free parameter. The fit is improved to x^/d.o.f = 
1.09 {d.o.f = 164). The additional excesses in the hard 
band are respectively 31% (FI) and 23% (BI) of those 
estimated -with the nominal PSF calibration. 

The nominal PSF calibration uncertainties^ beyond 2' 
are 5% and 15% in FI and BI, respectively. We note that 
the PSF calibration -was performed in the on-axis angle 
and concentric circle regions. Our observations -were, on 
the other hand, performed in the off-axis angle (^ 6') 
and the source region is non-concentric around the GA. 
We hence compare the simulated flux vs observed flux us- 
ing the Seyfert galaxy MCG —5-23-16, -which is the 3f5 
off-axis angle observation (Reeves et al. 2007). Unlike 
the GA in the GCDX, MCG -5-23-16 is located off the 
Galactic-plane, -where the major X-ray background is the 
cosmic-X-ray background (CXB). The CXB is spatially 
more uniform than the GCDX. Therefore -we can obtain 
more reliable fluxes on and around the source. We also 
adopt the non-concentric region from the MCG —5-23-16, 
the similar region of G 359.12—0.05. Then we compare 
the flux of the observed data (after the subtraction of the 
NXB and CXB) and that of the ray-tracing simulation by 
the xissim soft-ware. As a result, we flnd that the dis- 
agreements are 21% and 11% in FI and BI, respectively. 
Extrapolating linearly these values to the off-angle posi- 
tion (6'), we can expect the uncertainties are 36% (FI) and 
19% (BI), -which arc consistent -with our best-fit results. 
Thus the second possibility is very likely. 

We should note that any possible hard X-ray excess does 
not significantly change the best-fit thin thermal plasma 
model of the soft X-rays -within errors at the 90 % confi- 
dence level apart from giving a lo-wer plasma temperature 
by ^ 0.2 keV. This ho-wever gives no essential change for 
the folio-wing discussions. 
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Fig. 5. The background subtracted spectra of G 359.12—0.05 
for the FI CCD (black) and BI CCD (red). The solid lines 
show the models of the absorbed plasma omission and the 
spill-over component of the GA. 

Table 3. Best-fit parameters of G 359.12-0.05 



Parameter 



Value 



Nu (10 



^T" 



^ 



kT (keV) 

Zs\ 

Zat 

Normalization^ 
Flux-I- (photons cm^^ 
x'/d.o.f 



-') 



6.7 (6.2-7.3) 
0.93 (0.88-0.98) 

1.2 (0.85-1.7) 

1.4 (1.2-1.7) 

1.5 (1.1-2.1) 
6.4 (5.3-7.8) 

6.3 X 10-"^ 
256/166 



Notes. The errors are at the 90% confidence level. 

Abundances in units of solar. The abundance of the 
other elements are fixed to the solar values. 
t Normalization = {10~^^ /iwD'^) J ricnudV cm~^, where 
D, rie, and rtu are the distance to the G 359.12—0.05, the 
electron density, and the hydrogen density, respectively. 
■f The observed flux of the plasma emission in the 1.0- 
10 keV band. 



3. 5. Spectrum of M 359. 23- 0. 04 

We extract the spectrum of M 359.23-0.04 from the 
region designated in figure 3b. The background re- 
gion is the same as that for G 359.12—0.05. As shown 
in figure 6, the spectrum of M 359.23—0.04 is simi- 
lar to that of G 359.12—0.05. This is reasonable, be- 
cause M 359.23—0.04 is located in the diffuse emission 
of G 359.12—0.05. In addition, we find a strong line at 
6.4 keV (Fcl Ka) and a hint of Fcl K/S at 7.1 kcV. 

We therefore fit the spectrum with the same model of 
G 359.12—0.05 adding an absorbed power-law plus two 
Gaussian lines at 6.4 keV and 7.1 keV. The parameters 
of the plasma model are fixed at those of table 3 except 
the normalization. The spill-over component of the GA 
is estimated with the same method as in the analysis of 
G 359. 12—0.05. The best-fit results and parameters are 
shown in figure 6 and table 4, respectively. For visibility, 
only the FI spectrum is shown although the FI and BI 



Fig. 6. The XIS background-subtracted FI spectrum of 
M 359.23-0.04. The solid linos are the best-fit models (see 
text). 



Table 4. Best-fit parameters of M 359.23-0.04 



Parameter 




Value 


iVn (10^^ cm-^) 




31 (19-35) 


Photon index 




2.9 (2.2-3.5) 


Fel Ka: 






Center (keV) 




6.41 (6.40-6.43) 


Line flux* 




3.4 (2.6-4.0) 


Equivalent width 


(keV) 


1.2 (0.83-1.4) 


FelK/3: 






Center (keV) 




7.06t 


Line flux* 




<0.79 


Equivalent width 


(keV) 


<0.36 


xVd.o.f 




164/153 



Notes. The errors are at the 90% 
* In units of 10^^ photons cm~^ 
t Fixed to 1.1 X E (Fel Ka). 



confidence level. 

1 



spectra are fit simultaneously. 

As the same reason of G 359.12—0.05, the hard-band 
flux of M 359.23—0.04 may have some ambiguity due to 
the uncertainty of the PSF. If we add the same amount of 
uncertainty (FI:31% and BI:23%) to the spill-over flux of 
the GA, the power-law continuum associated to the 6.4- 
keV line decreases by ^ 18%. This modifies the iJW^g. 4 koV 
value from 1.2 (0.83-1.4) keV to 1.4 (1.1-1.7) keV. 

4. Discussion 

4.1. Nature of M 359. 23- 0. 04 

From the radio MC observation of CS( J=l-0) (Tsuboi 
et al. 1999), we find that at least one clump of the MCs is 
associated with M 359.23—0.04 in the two velocity bands: 
the -140 to -120 km s^^ band and -20 to km s'^ 
band. Figure 7 shows the radio contours overlaid on the 
X-ray images. We find several clumps of MCs and desig- 
nate them as MCl-6. Among them, MC2 and MC3 are 
possibly associated with M 359.23—0.04. 
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Fig. 7. The 6.4-keV line images (same as figure 3b) are 
shown in the gray scale. The blue contours trace the 
CS(J=l-0) radio observation (Tsuboi et al. 1999) in the 
velocity bands of —140 to —120 km s"'^ (a), and in the 
—20 to —0 km s~^ (b). The green ellipse shows the source 
region of M 359.23—0.04. The red circle and cross indicate 
the 3'-radius region and the position of the GA, respectively. 
Individual prominent spots (clumps) in the radio contours are 
labeled as MCI to MC6 (sec text). 

The best-fit EWeAkeV of M 359.23-0.04 is 1.2-1.4 keV 
(see table 4 and section 3.5). This value is naturally ex- 
plained by the X-ray irradiation (the X-ray reflection neb- 
ula: XRN model) on the MC with one solar abundance 
(e.g., Murakami et al. 2000; Nakajima et al. 2009). If 
we adopt the electron bombarding model (Yuscf-Zadeh ct 
al. 2007; Fukuoka et al. 2009), we need more than 3 so- 
lar abundances. The infrared observations (e.g., Davies 
et al. 2009) argued that the iron abundance of the GC 
is nearly equal to the solar value. In fact, most of the 
Suzaku observations of the GC region reported the abun- 
dances between 1-2 solar (e.g., Mori et al. 2008, Nobukawa 
et al. 2008; Tsuru ct al. 2009; Nobukawa ct al. 2010). Our 
observation also implies 1.2-1.5 solar abundances in this 
region (see table 2 and 3). The XRN model is therefore 
more favorable for the M 359.23—0.04 X-ray emission. 

In the XRN model, the irradiating source should be very 
bright or be located near at M 359.23-0.04. Thus the GA 
at a projected distance of 6' from M 359.23—0.04 and the 
past bright Sgr A* (e.g., Inui et al. 2009) arc the possible 



candidates for the irradiating source. Another possible 
candidate is a transient source. Although this possibility 
due to an unknown transient is not excluded, the available 
observations place this possibility to be a less plausible 
hypothesis, because no bright transient source has been 
so far reported from the close vicinity of M 359.23—0.04 
(e.g.,in't Zand 2001; Sakano et al. 2002; Muno et al. 2009). 

Based on the observed profile (figure 3b), the projected 
shape of M 359.23—0.04 is approximated with an ellipse 
of 12.5 pc X 22.5 pc (minor x major axis). Adopting a 
reasonable assumption that the 3-dimcnsional structure 
of M 359.23—0.04 is a prolate spheroid with the linc-of- 
sight depth of 12.5 pc (the same as the minor axis), we 
estimate the volume to be 5 x 10^* cm'^ (a prolate spheroid 
with axises of 12.5 pc x 12.5 pc x 22.5 pc). The observed 
A^H is (19-35) x 10^^ cm"^ On the other hand, the 
past studies reported that the interstellar absorption to 
the GC region is A^h = 6 x 10^^ cm~^ (Sakano ct al. 
2002; Ryu ct al. 2009). To confirm this value, we conduct 
the model fitting of the GCDX in the close vicinity of 
the GA. We then find that the interstellar absorption is 
Nn = 5.7 (5.5-6.0) xlO^^ cm~^, which is consistent with 
the values in the references. Subtracting the interstellar 
absorption to the GC region, we estimate that the intrinsic 
TVh is about (1-3) x 10^^ cm~^. On the other hand, A^h 
of MC2 or MC3, a counterpart of M 359.23-0.04 is - 
1 X 10^-^ cm~^ from the CS(J=l-0) observation (Tsuboi 
et al. 1999). Thus A''h of the cloud is in the range of (1~3) 
xl023 cm-2. 

Adopting these physical parameters and assuming that 
the distances of M 359.23-0.04 from the GA and Sgr A* 
are the same as the projected distances, we estimate the 
required luminosity of the GA and Sgr A* to produce the 
6.4-kcV-hne fiux of M 359.23-0.04. In this process, the 
spectrum shapes of the GA and Sgr A* are assumed to be 
a power-law with photon index F = 1.4 and 2, respectively 
(see table 2 and Murakami et al. 2000). The 6.4-keV- 
fluorescence line is due to X-rays above the iron K-edge 
energy at 7.1 keV (Murakami et al. 2000). At these high 
energy X-rays, we can ignore the interstellar absorption 
between the irradiating source and the XRN. The results 
of the required luminosity in the 2.5-12 keV band for the 
GA and Sgr A* are 4 x 10^'' erg s"^ and 5 x 10^* erg s"\ 
respectively. 

The observed luminosity of the GA is smaller by a factor 
of 2 than the required luminosity (see table 2). This dif- 
ference is within the systematic errors of the size, density 
and distance; i.e., the real distance would be larger than 
the projected distance. In addition, the flux-variation of 
the GA by a factor of 2-5 was reported in the long time 
period (Churazov et al. 1993b; Sakano et al. 1999; Smith 
et al. 2002). Thus the scenario of the GA origin is consis- 
tent with the observed results. 

The other possibility, the past flare of Sgr A* , has been 
proposed for many other 6.4-keV clumps in the GC region 
(e.g., Nobukawa et al. 2008; Nakajima et al. 2009). The 
same argument can also be applied to M 359.23—0.04, and 
thus the scenario of Sgr A* origin is possible. 

In figure 7, we find other 6.4-keV clumps at near MCI 
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and MC4. The 6.4-keV fluxes of them are ~ 2 times fainter 
than that of M 359.23—0.04, and hence the physical as- 
sociation is less clear. The other MCs, MC5 and MC6, 
show no association to the 6.4-keV emissions. These fea- 
tures may not be surprising, if the putative past flare was 
variable in the time scale of a few years (Koyama et al. 
2009). 

On the other hand, the scenario of the GA origin can 
be more easily assessed, if the real distances (not pro- 
jected distances) of these clumps from the GA are 1.4 
times larger than those of MC2 or MC3, because the 6.4- 
keV fluxes from MCI, MC4, MCS, and MC6 are less than 
half of those from MC2 or MC3. 

4.2. Nature of the GA 

The observed column density of the GA is A^h = 12 x 
10^2 cm-2. If the GA is associated with M 359.23-0.04 
(see section 4.1), the GA lies in the GC region, because 
Tsuboi et al. (1999) showed that MCs of CS(/=l-0) are 
in the GC region. In this case, the large A% of the GA 
is explained by intrinsic absorption (Kawai et al. 1988) of 
the order of 10^^ cm~^. 

We constrain the upper-limit for the EWeAkcV of 8 eV. 
The iron abundance is also accurately determined to be 
1.38-1.44 solar. If the GA is fully covered by the gas for il 
= An steradian, the upper-limit of EWeAkoV = 8 eV con- 
strains the column density of the circumstellar gas within 
7.5 pc (3' at 8.5 kpc) to be A^h < 4x 10^^ cm'^ (Inoue 
1985). The implication of the small value of EWsAkoV 
was discussed in detail by Sakano et al. (1999). Here we 
discuss briefly following Sakano et al. (1999), based on the 
more severe constraint of EWsAkoV {EWeAkcV = 15 cV 
in Sakano et al. 1999 vs 8 eV in our case). The EW^AkcV 
of 8 eV implies that the local density near the GA is less 
than 2 x 10^ H cm^^. From figure 6 of Sakano et al. 
(1999), the velocity of the GA must be less than 7 km s^^ 
under the Bondi-Hoyle accretion mechanism even if the 
GA has the mass of 20 Mq. Since no data of the velocity 
dispersion for a black hole are available, we refer to that 
of the radio pulsars (neutron stars) from Faucher-Gigucre 
& Kaspi (2006). We then conclude that the possibility 
of the GA with a smaller velocity than 7 km s~^ is only 
2 X 10^^%. Thus the Bondi-Hoyle accretion for the GA is 
extremely unlikely. 

Although the observed EWeAkcV < 8 eV gives the col- 
umn density of the circumstellar gas within 7.5 pc to be 
Ah < 4x 10^^ cm~^ (this value is averaged over 47r stera- 
dian), the intrinsic Ah determined from the low energy 
absorption is in the order of 10^^ cm~^. Thus the large 
circumstellar gas should be localized in front of the GA. 
Bally & Leventhal (1991) reported that an MC is associ- 
ated to the GA, but no MC is found in the line of sight 
to the GA from Tsuboi et al. (1999). This inconsistency 
may come from the poor spatial resolution of the former 
observation. In fact, the spatial resolution of the former 
observation is ~ 2', while the latter is ^ 0.'5. Our impli- 
cation is consistent with Tsuboi et al. (1999), and hence 
one possible scenario for the large absorption is due to an 
accreting gas; the GA is a binary system with a nearly 
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Fig. 8. The 2.45-keV line image (same as figure 3a) is shown 
in the gray scale. The magenta contours trace G 359.07—0.02 
from the 90 cm radio continuum observation (LaRosa et 
al. 2000). The green ellipse shows the source region of 
G 359.12—0.05. The red circle and cross indicate the 3'-radius 
region and the position of the GA, respectively. 

edge-on accretion disk. 

4.3. Plasma Parameters of G 359. 12- 0. 05 



The observed column density of G 359.12—0.05 Ah = 
6.7 X 10^^ cm^^ is the same as the GC typical column 
density of A^h = 6 x 10^^ cm-^ and hence G 359.12-0.05 
is likely to be in the GC region. Since the source area is 
r^ 140 arcmin'^ = 8.1 x 10^^^ cm^ (at 8.5 kpc), the volume 



.1 x lO'^^ cm^) 



^^ cm'^. Using the filling factor of /, we estimate 



of the plasma is estimated as 

7.3 X 10- 

the electron density, total mass, and total thermal energy 

to be Ue ~ 0.3 /-5 cm-3, M - 2 xlO^ /^ M©, and Et^, 

'^ 1 X 10^"'^ /2 erg, respectively. 

The estimated mass and thermal energy are slightly 
larger than those of the other SNRs in the GC region, but 
are consistent with those of a single SNR. As shown in 
figure 8, the radio SNR candidate G 359.07-0.02 (LaRosa 
et al. 2000) coincides in position with G 359.12-0.05. We 
therefore propose that G 359.12—0.05 is an X-ray coun- 
terpart of G 359.07—0.02. The thin thermal plasma spec- 
trum and the physical parameters place G 359.12—0.05 to 
be an X-ray SNR in the GC region. From the size of ~ 
9.0 X 10^^ cm and the sound velocity of ~ 5 x 10^ cm s~^ 
(fcT ^ 0.9 keV), the age of this SNR is estimated to be ~ 
6 X lO"' years. 

If the GA is also located in the GC region (see section 
4.2), G 359.12—0.05 may be physically associated with the 
GA. Then the GA would be a rare system which shows 
the association of a black hole and an SNR. A similar 
system is SS433 and the radio SNR W50 (e.g., Safi-Harb 
& Oegelman 1997). The nature of SS433 is debatable but 
is a potential candidate of a black hole. On the other 
hand, the GA is a more established black-hole candidate. 
Thus our result provides a unique case of the association 
between a black hole and an X-ray SNR. 
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5. Summary 

1. The equivalent width of the 6.4-kcV Une of the GA 
is most severely constrained. 

2. We discover two diffuse emissions, G 359.12—0.05 
and M 359.23-0.04, around the GA. 

3. G 359.12—0.05 is an X-ray counterpart of 
G 359.07-0.02, and a middle-aged SNR in the 
GC region. 

4. M 359.23-0.04 is likely an XRN illuminated by ei- 
ther the GA or Sgr A*. In the former case, the GA 
is located in the GC region. This may suggest the 
association of a Galactic black hole with an SNR. 
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